The European Commission has adopted a very ambitious circular economy package and has consequently revised many legislative proposals on waste. The new targets include achieving a recycling rate of 65% by 2030 and imposing a cap on landfilled waste to no more than 10% (as a percentage of weight). Using available European and national databases on municipal solid waste indicators, we have analysed municipal solid waste production trends for Croatia and have benchmarked the indicators against other EU member states and EU averages. Our analysis points out that the production of municipal solid waste has steadily risen over the last two decades. Although Croatia produces a relatively low amount of municipal solid waste compared with other EU countries and EU averages, gross domestic product adjusted waste production reveals that for every euro of gross domestic product Croatia produces substantial amounts of municipal solid waste. As a matter of fact, among all the EU member states, only Bulgaria had a worse performance than Croatia. Regarding recycling rates, Croatia recycles 15% of its municipal solid waste and incinerates approximately 3% (by weight). The rest (82% by weight) is currently being landfilled. Regarding the treatment of waste, Croatia has implemented mechanical-biological treatment technology, but our analysis reveals that the initial number of mechanical-biological treatment plants will likely have to be scaled down taking into consideration the new EU waste management targets.
Introduction
Managing municipal waste in an environmentally friendly, safe and sustainable way should be one of the top priorities of any modern country or society (Wilson, 2007) . Unfortunately, many developing countries (Guerrero et al., 2013) as well as some of the European Union (EU) member states (Koufodimos and Samaras, 2002; Papachristou et al., 2009 ) are still not implementing the currently available best practices in waste management. Instead they are taking the more traditional route of landfilling, which is well known for causing adverse effects to both the environment and human health (Laner et al., 2012 , Mattiello et al., 2013 .
The problem has been recognised by the EU, which is promoting the concept of a circular economy (Ghisellini et al., 2016) in which material 'open-ends' are closed through recycling and reuse. Thus, the EU policy and strategic focus is being moved away from energy recovery and disposal as waste treatment modalities.
In order to implement the idea into practice, the EU has adopted a very ambitious circular economy package and has amended a number of legislative proposals and documents including the EU's Seventh Environment Action Programme. The programme specifies very stringent targets for managing the municipal solid waste (MSW), which includes recycling at least 65% of the generated waste and an imposed landfill cap of 10% of the produced waste (by weight) until 2030 (Cecere and Corrocher, 2016) .
The proposed targets are very ambitious and EU member states differ in the prospects of meeting these goals and deadlines. According to the Statistical office of the European Union (EUROSTAT), some countries, such as Slovenia, Italy, Belgium, Poland and Germany, already have very high recovery rates, whereas others still heavily favour disposal as the preferred treatment modality (Bulgaria, Romania, Greece and Malta, for example).
Croatia is the newest EU member state (having joined the EU on the 1 July of 2013). Although there is a relatively large number of academic articles on municipal waste management for both EU member states and non-EU countries ( (Koufodimos and Samaras, 2002; Pires et al., 2011; Slater and Frederickson, 2001) , to our knowledge only a very limited number of academic articles on waste management practices in Croatia have been published so far in peer-reviewed academic journals (Marinković et al., 2008 , Vego et al., 2008 . In addition, none of these articles address the management of municipal waste on a national scale, nor include benchmarking Croatia's waste management performance indicators with other EU member states and EU averages.
The aim of this short communication is to analyse Croatia's waste management practices on a national and regional scale and benchmark Croatia's performance against current EU waste management targets, other EU member states and EU averages. Finally, based on the analysis, tentative strategic recommendations and directions with respect to waste management in Croatia are given.
Materials and methods
Data on MSW generation, recovery rates, landfilling, demographic and economic indicators for the EU member states were obtained from the Statistical office of the European Union (EUROSTAT, 2018a; 2018b; 2018c) .
National time-series data on waste management have been obtained by the Croatian Ministry of Environment and Energy (Ministry of Environment and Energy, 2017).
Data were tested for normality using the D'Agostino and Pearson omnibus normality test. Outliers in the data were identified using the Robust Regression and Outlier Removal (ROUT) method (Q = 1%). Relationships between variables have been investigated using the Pearson correlation coefficient (p). For normally distributed data, average values have been used as the measure of central tendency, whereas the median has been used for the data that showed departures from normality. In order to make referenced interpretations, a z score has been computed and interpreted.
All of the statistical analyses were performed using GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.
Results

Data and statistics
The main indicators that were compiled and used in the analysis are shown in Table 1 . When benchmarking against EU averages, we have used 2013 as the reference year since it is the most recent year for which a coherent and complete data set on waste indicators for all 28 EU member states could be obtained.
All of the data except the data on treated and disposed waste have passed the D'Agostino Pearson omnibus normality test (p < 0.05). The data on treated and disposed waste are showing a departure from normality (p = 0.054).
The ROUT method (Q = 1%) run on the data did not identify any outliers in the datasets used.
Time trends in waste production
Over the last two decades (1995 to 2013), Croatia's per capita production of MSW has steadily risen (Figure 1(a) ). In 1995 the amount of MSW produced in Croatia was 205 kg per capita, whereas two decades later, in 2013, the amount of MSW produced has doubled to 404 kg per person per year. Time series analysis indicates that the observed increase was strongly time-dependent (Pearson p = 0.94). After 2008 there was a slight drop in the yearly amount of MSW produced: From 403 kg per capita in 2008 to 393 kg per capita in 2009 (a 2.5% decrease in the rate of MSW production). However, MSW production started to recover immediately and had recovered back to 2008 levels by 2013.
Waste generation
Regarding the comparison with other EU member states, Croatia's yearly per capita production of MSW is relatively modest (Figure 1(b) ). Seven EU member states countries had lower per capita MSW production rates in 2013, including Hungary, Latvia, Czech Republic, Slovakia, Poland, Estonia and Romania. Croatia was thus in the lower 35th percentile regarding per capita MSW production. In other words, 65% of EU member states had MSW production rates that were higher than Croatia's. In 2013, MSW production was below the EU average of 463 kg per capita with a z score of −0.43. When considering the above, one should be aware of the fact that different member states have different methodologies when accounting for MSW produced, which could confound the results.
Linear regression between gross domestic product (GDP) data and data on waste generation for the 28 EU member states in 2013 is shown in Figure 2 (a). The GDP for the 28 EU member states was strongly correlated with waste production rates (Pearson p = 0.68) indicating that waste production in the EU is powerfully correlated and driven by the economic activity.
In order to de-couple waste production from economic activity per capita waste, production data were adjusted using the GDP. GDP-adjusted waste production data reveals that Croatia's performance in terms of resource efficiency is extremely poor (Figure 2(b) ). For every euro of GDP Croatia has produced 0.040 kg of waste, which is far above the EU average of 0.025 kg per euro of GDP. Croatia's z score for GDP-adjusted waste production in 2013 was +1.01.
Reuse recycling and treatment
In 2013, Croatia recycled 15% of its MSW (by weight). Recycling performance was severely lagging both compared with the EU average (32%) and in relation to the EU targets for 2030 ( Figure  3(a) ). The z score for Croatia for the recycling rate was −1.15.
Regarding the amount MSW treated vs. the amount disposed (Figure 3(b) ) Croatia's performance is also very poor: 18% of the total waste generated was treated in 2013 whereas 82% has been landfilled. That is much lower than the EU median for waste treatment, which was 56%.
Discussion
The amount of MSW produced in Croatia has steadily risen during the last two decades. During the 1990s the amount of MSW that was being produced was very small: This fact is not surprising taking into consideration that at the time, Croatia was still in a post-war era and the country's economy was stagnant, which resulted in small amounts of municipal waste being generated. However, as the country recovered from the economic recession brought on by the war, waste generation rates recuperated. The increase was quite steep up to the year 2008, after which a drop in MSW production rates has occurred. It is well established that waste generation is a function of a country economic activity (Mazzanti, 2008) and the observed drop can be explained by the economic recession, which had hit heavily all of the EU member states in 2008, Croatia included. Nevertheless, as the economy recovered, waste production rates in Croatia climbed, reaching 404 kg per capita in 2013.
Compared with other EU member states, Croatia produces a relatively small amount of MSW per capita. Only eight countries in the EU putting Croatia in the lower 35th percentile when it comes to waste generation among the EU member states. However, when assessing a country's performance in terms of waste generation and resource efficiency, it should be taken into consideration that the production of waste is heavily correlated to economic activity.
When using GDP-adjusted indicators, Croatia's lack of performance with respect to resource efficiency becomes apparent. In 2013, Croatia produced 0.04 kg of MSW per every euro of GDP, the same as Lithuania. Of all the 28 EU member states, only Bulgaria had higher production rates with 0.08 kg per euro of GDP. Therefore, the fact that Croatia is producing relatively modest amounts of waste per capita is unfortunately not attributable to Croatia's excellent waste minimisation efforts and resource efficiency, but is driven almost exclusively by the economic recession and the related downstream effects. Compared with EU averages, Croatia's poor performance presents as a value of almost one standard deviation above the mean (z score of 0.89). Taking the above into consideration, it is obvious that waste minimisation efforts should be high on Croatia's priority list when devising national waste management strategies and practices. The concept of waste minimisation was born in The Netherlands owing to a shortage of landfill sites (Wolsink, 2010) and it has been adopted by the current EU policy framework on waste. Nordic countries, The Netherlands and Belgium have excellent resource efficiency rates, which are almost four times lower than Croatia's. It is therefore apparent that Croatia's potential for improvement in this area is substantial.
However, in order to achieve a real breakthrough in resource efficiency, a true decoupling of waste generation from economic activity has to be ultimately achieved. Unfortunately, the GDP is still strongly correlated to waste generation across the EU member states, and although the EU policy framework has strongly been advocating decoupling of economic growth from waste generation, we are still very far from achieving this target.
In 2013 Croatia recycled 15% of its municipal waste (by weight). The rate is two times lower than the EU average of 32% and more than four times lower than the EU target for 2030 (65%).
So far, Croatia does not have a well elaborated and detailed waste management plan to meet recycling and material recovery targets, but efforts are being currently made to address this problem, in the new waste management plan for the Republic of Croatia 2017-2022. The waste management plan is heavily advocating the re-use and recycling of MSW. Its proponents are advocating that pushing recycling rates upward will lower waste treatment costs compared with other treatments. However, serious concerns have been raised lately regarding economic feasibility for many (or even most) of the recycled materials (Rogoff and Ross, 2016) . Price volatility is a fundamental characteristic in recycling markets (Kinnaman, 2016) and this could potentially undermine the feasibility of any recycling programme including Croatia's. In addition, most of EU's recycled materials are shipped to Asian markets, especially China. As of 2012 China has been executing 'Operation Green Fence', which has pushed quality standards for recycled materials upwards, raising the cost of recycling and dramatically lowering profit margins.
One of the strategies to deal with price volatility in recycling markets is to implement rate stabilisation funds to be able to continue to fund community recycling programmes in case market prices for recyclables take a dive, especially in the long term. To our knowledge, this strategy has not been considered in Croatia yet.
The costs of separate collection of waste and deployment to the market will probably continue to rise as recycling markets demand products of increased quality. This should be factored in when devising and planning recycling strategies and should be brought to the attention of the general public in Croatia, which still believes that recycling programmes are economically feasible and that executing one will decrease the current cost of waste treatment (whereas the opposite is actually true).
Treatment of MSW in Croatia is marginal (approximately 3% of the MSW produced) and includes mainly composting and burning with and without energy recovery. Lately mechanicalbiological treatment (MBT) has been introduced and the country has already built two MBT plants with a total capacity of approximately 190,000 t y -1 . The plant near Rijeka with a capacity of 100,000 t y-1 (western part of the Croatia) is in regular operation, whereas the operation of the other one near Pula (also in the western part of the county) with a capacity of 90,000 t y -1 is at the moment suspended. Other MBT plants are in the pipeline, but the need for additional plants (Croatia had an initial plan of building a total of 12 MBT plants) should be revised in the light of the new EU targets on waste diversion towards re-use and recycling. One should note however, that even if recycling rates are met, there will still be 35% of waste left, out of which at least 25% will have to be treated owing to the imposed landfill cap of 10%.
If we take 2013 MSW production data for Croatia (1,721,000 t) and project it to 2030 assuming that landfill diversion targets will be met, there will still be approximately 430,000 t that will need treatment. It is evident that capacities of the existing MBT plants are not enough to treat this waste and additional facilities will be needed. However, probably not on a scale that has been previously thought, if the assumption is correct.
Concerns have been raised with respect to environmental safety of secondary fuel producing MBT plants and the marketability of solid recovered fuel (SRF) produced by those plants. The environmental impact of MBT plants is not generally considered a problem (and there are technologies that are able to mitigate the associated environmental impacts) and it has to be stated that the environmental impact of MBT of waste is much lower compared with raw landfilling of MSW (Fei et al., 2018.) . However, producing SRF up to the requested standard can be a challenge (Velis et al., 2010) . In addition, it is likely that problems will rise with the market placement of the produced SRF. The initial idea was that all of the SRF produced by Croatian MBT plants will be burned 'in-house', in cement kilns in Croatia. However, the Croatian cement industry, even in the event of fossil fuel replacement rates with SRF being brought up to the EU average of 18% (Pomberger and Sarc, 2014) , will not be able to accommodate all of the fuel produced and some of it will still have to be exported to other markets, or as it is now being discussed, a centrally built SRF incinerator producing heat will have to be deployed. One has to consider that MBT plants are operated in the EU on a large scale (Garg et al., 2007) and that the EU market for SRF is largely saturated. However, Croatia's comparative advantage is that the SRF in Croatia will be produced according to a high standard, which should make the product easy to market in Asian countries.
Conclusions
• • Croatia's per capita production of MSW has steadily risen over the last two decades, almost doubling since 1995. • • The per capita production of MSW in Croatia is below the EU average. However, GDP-adjusted MSW production in Croatia is far above the EU average thus indicating poor performance with respect to resource efficiency. • • Recycling rates in Croatia (15% by weight) are below the EU average (32%) and far below the 2030 EU target of 65%. • • The recycling schemes in Croatia should implement rate stabilisation funds and ban plastic bags, polystyrene and glass from community recycling programmes. • • Additional MBT plants will be needed in the future, but their number will have to be adjusted based on the current EU policy framework. • • The produced SRF could be marketed and deployed outside Croatia and the EU in case that SRF production overcapacity will be reached.
